The high-resolution rotational spectrum of H 15 The transitions from each state are fit to within the experimental accuracy and the resulting spectroscopic constants agree well with the main isotopologue.
Introduction
Spectroscopic characterization of nitric acid (HNO 3 ) continues to be a focus of laboratory studies since it is an important atmospheric trace gas and critical for understanding stratospheric ozone depletion chemistry [1] . Accurate HNO 3 concentration profiles retrieved via remote sensing, such as from NASA's MLS instruments on Aura and UARS or ESA's MIPAS instrument aboard ENVISAT, depend on the complete understanding of the spectroscopic details of HNO 3 . As the sensitivity of the retrievals from these and future satellite instruments increases, the weaker spectra of transitions from vibrationally excited states and less abundant isotopologues of HNO 3 will interfere with the detection of the normal species and will need to be accurately modeled to remove systematic errors in the retrieved concentration profiles. Perrin et al. [2] recently reported the detection of H 15 NO 3 in the atmosphere (fractional abundance of 0.003663(4) [3] ) by identifying the m 5 Q-branch near 871 cm À1 in the residuals of the fitted MIPAS spectra and H 15 NO 3 spectral interference likely exists in other regions currently used to retrieve atmospheric nitric acid. Several ground state rotational transitions of H 15 NO 3 were first measured by Millen and Morton [4] in the microwave region and recently extended into the submillimeter wave region by Drouin et al. [5] , providing a well determined set of ground state rotational and centrifugal distortional constants for H 15 NO 3 . The low resolution infrared spectrum was measured by McGraw et al. [6] and used to determine the band origins of the fundamental vibrations. High resolution infrared studies include those for the m 2 band [7] , the four lowest fundamental bands m 9 , m 7 , m 6 , and m 8 [8] , and the strongly interacting m 5 and 2m 9 bands [9] . In the latter study of the 5 1 and 9 2 states, Perrin et al. [9] observed an intensity ratio between the 2m 9 and m 5 bands of Int(2m 9 )/Int(m 5 ) $ 0.23 that was satisfactory explained by the weaker 2m 9 band borrowing intensity from the stronger m 5 band via a strong Fermi resonance. This result was based on the use of the previously determined F 0 Fermi parameter for the main isotopologue [10] and was not fit for in the H 15 NO 3 infrared analysis. The torsional splitting was not large enough to be resolved in the infrared spectrum for either state. This paper reports an analysis of the H 15 NO 3 rotational spectrum recorded in the 74-850 GHz frequency range and includes all excited vibrational states with bands origins below 1000 cm À1 : t 9 = 1, t 7 = 1,t 6 = 1, t 8 = 1, t 5 = 1, and t 9 = 2. The fits include Coriolis coupling (m 6 /m 7 ), Coriolis and Fermi Interactions (m 5 / 2m 9 ) and torsional splitting (m 9 , m 5 , 2m 9 ). The analysis method and Hamiltonians used in the present work follow closely those used for the analysis of the H 14 NO 3 parent isotopologue [10] [11] [12] [13] . The most recent analyses of the ground and four lowest vibrational states of H 14 NO 3 were updated in Ref. [11] . Refs. [10, 12] data set and spectroscopic constants reported here are suitable for prediction of the observable millimeter and submillimeter wave spectrum as well as for simulating the infrared spectrum below 1000 cm
À1
.
Experimental
The experimental data sets were collected from two different systems, the OSU FASSST and the JPL Frequency Multiplier Spectrometers. The OSU Fast Scan Submillimeter Spectroscopic Technique (FASSST) system is described in Refs. [14] [15] [16] , and provided heated data over the frequency ranges from 118 to 186 GHz and 192 to 377 GHz using three different free-running, fast swept BWO tubes as sources and helium cooled hot-electron bolometers as detectors. The frequency was calibrated by use of separately recorded frequency markers from a cavity and SO 2 reference lines. An isotope enriched H 15 NO 3 sample was purchased from ISOTEC and filled a 6 m long, 15 cm diameter aluminum cell to a pressure of $10 m Torr that was maintained in a slow flow and heated to $170°C to populate the higher lying vibrational states. A separate 60 cm cell in series with the sample cell was filled to $10 m Torr with SO 2 that was used as a reference spectrum in order to calibrate the frequency. For most data sets, the normal species was only observed in small amounts ($5% or less), however, for a few regions, the normal species was observed at concentrations of 50% that of the isotope concentration. In general, this did not pose any problems since the spectrum of the normal species is well characterized in Refs. [11] [12] [13] and did not significantly interfere due to the isotopic shift in frequencies, as shown in Fig. 1 . The estimated accuracy of the measured transitions is 50-100 kHz. The JPL Frequency Multiplier Submillimeter Spectrometer (FMSS) is described in Ref. [17] and provided spectra over the ranges of 74-109, 402-420, 639-656, and 800-850 GHz. Using an isotope enriched sample (98%), a gas pressure of $10 m Torr was maintained in a slow flow in a room temperature 2 m long cell. The microwave synthesizer driving the multiplier chain was frequency modulated and the spectrum was recorded at the 2nd harmonic with a lock-in amplifier after being detected with either a room temperature diode detector near 100 GHz or a helium cooled hot-electron bolometer at the higher frequencies. Line positions were measured to 50-100 kHz precision. All of the data from both spectrometers were equally weighted in the analyses with a 100 kHz uncertainty.
Observed spectra and analyses
Nitric acid is a planar oblate asymmetric rotor (j = 0.729) belonging to the C s point group with dipole moments of l a = 1.986D and l b = 0.882D [18] . The spectrum of each vibrational state is characterized by strong R-type band heads spaced by approximately 12.5 GHz throughout the spectrum along with much more broadly spaced Q-branch transitions. Since the isotopic substitution of the nitrogen atom is close to the center of mass, the transitions in the symmetric-top limit are only slightly shifted from the normal species. The initial assignments for each vibrational state were made in order of ascending band origin energy by using the predicted spectrum of the normal species and identi- fying R-band heads that were slightly shifted in frequency and had the appropriate intensity, as shown in Fig. 1 . The analysis for each corresponding vibrational state of the normal species served as the starting point for each analysis, with higher order distortional constants initially frozen until the data set was expanded. In the end, four separate analyses describe the rotational spectra of six vibrational states that all have band origins below 1000 cm
À1
. Of these four analyses, the 8 1 [20, 21] . Maximum values of the J and K a quantum numbers for this isotope exceeds those for the normal species due to the recent improvements in the FASSST system that increased the sensitivity with the implementation of new signal averaging routines [15] .
8 1 state analysis
The 8 1 state is free from any significant perturbations and does not exhibit a resolvable torsional splitting; consequently it can be described with the simplest Hamiltonian and is therefore presented first. The m 8 vibrational mode corresponds to the NO 2 out of plane bend and is centered near 743.6 cm
À1
, shifted up by less than 1 cm À1 from the main isotopologue [8, 22] . Table  1 summarizes the measurements that include 715 transitions that extend to maximum quantum numbers of J = 72 and K a = 47. As discussed in Ref. [13] , several of the quartic distortional constants for the vibrational states of nitric acid can vary , shifted up by less than 0.2 cm À1 from the main isotopologue [8, 24] and the m 7 vibrational mode corresponds to the O-NO 2 bend and is centered near 578.5 cm
, shifted down by less than 2 cm À1 from the main isotopic species [8, 22] . Table 1 As discussed in Ref. [13] , differences in the T cc coefficients for the 6 1 and 7 1 states indicated the presence of a C-type Coriolis interaction for the main isotopologue. In this work, when each state was fit separately, the T cc coefficients differed from the ground state by 61% for the 6 1 state and À54% for the 7 1 state.
The shift of the T cc distortional coefficients due to the first-order Coriolis interaction was derived by Tanaka and Morino [25] and is given by
where the coupling coefficient is given by
and y = c in the I r representation, f c 67 is the Coriolis coupling constant, C e is the equilibrium rotational constant and x 6 and x 7 are the harmonic vibrational frequencies. Following the methodology in Ref. [13] , the Coriolis coupling constant f c 67 was calculated using the difference in the T cc coefficients (1.5369 kHz) from the separate, uncoupled 6 1 and 7 1 state analyses, the ground state rotational constant for C e from Ref. [5] and the observed band origins for the x 6 and x 7 from Ref. [8] . Based on these parameters, the Coriolis coupling constant was calculated to be f 
The first-order Coriolis term was fixed at the value determined by the above method since it is highly correlated with rotational and distortional constants and causes the analysis to be unstable. Two higher order terms were free parameters in the analysis and were determined. With the inclusion of the Coriolis parameters in the coupled state analysis, the T cc coefficients differed from the ground state by 6.6% for the 6 1 state and À0.6% for the 7 1 state and all the transitions were fit to within 300 kHz with the exception of one transition with a residual of 430 kHz. Table 2 illustrates the effects The m 9 vibrational mode corresponds to the O-H torsion and is centered near 458 cm À1 , shifted up by less than 0.1 cm À1 from the main isotopic species [8, 26] . The 9 1 state is the lowest lying vibrational mode and the large amplitude torsional-like motion results in a torsional splitting that creates a characteristic triplet structure for transitions in the symmetric-top limit with weaker b-type satellites split by $2 MHz from the degenerate a-type transitions, as shown in Fig. 1 . Details of the torsional splitting models are presented in Refs. [10, 12, 27] with the analyses in this paper following those of Refs. [11] [12] [13] in the analysis of the 9 
where
and {A,B} = AB + BA. The ratio of the moment of inertia of the top to that of the frame, q, cannot be fit for in SPFIT and was empirically adjusted to minimize the rms deviation of the fit. We used the convention that the NO 2 group was the top and OH the frame that allowed for a more convenient labeling of the states in SPFIT. Table 1 summarizes the measurements that include 1193 transitions that extend to maximum quantum numbers of J = 73 and K a = 59. The rms deviation of fit was 87 kHz and a comparison of the fitted constants with the other vibrational states was not attempted due to the use of the IAS Hamiltonian. When comparing the torsional parameters between the two isotopologues, the structural parameter q was unchanged and there was only a slight change in the torsional splitting parameter E q which changed from 1.170 (4) , shifted down by $8 cm À1 from the main isotopic species, while the 2m 9 is associated with the O-H torsional mode and is centered near 893 cm À1 , shifted down by $3 cm À1 from the main isotopic species [9, 10] . The difference in the band origins is $22 cm À1 (compared to $17 cm À1 for the normal species) and these two states are coupled via a strong Fermi resonance that must be fit for simultaneously since this strong resonance causes the 5 1 and 9 2 wavefunctions to be mixed. In the infrared, this mixing results in an intensity borrowing where the expected weak 2m 9 overtone band and expected strong m 5 fundamental band have an unexpectedly large intensity ratio of Int(2m 9 )/Int(m 5 ) $ 0.23 [9] . For pure rotational transitions, the mixing results in an induced torsional splitting observed for the 5 1 ing, then the percent mixing is $82% to $18%, which then predicts the intensity ratio of 0.214 for the infrared bands, which is in close agreement with the observed ratio. Due to the torsional splitting, the IAS Hamiltonian was used to fit the 5 1 /9 2 states and follows the ''induced splitting" model from Ref.
[12] where the zero-order Fermi resonance term, F 0 , was fit for and only the 9 2 state was given a set of torsional parameters. The torsional splitting in the 5 1 state is then completely accounted for through the mixing of the wavefunctions due to the Fermi resonance rather than fitting for a separate set of torsional parameters. The Fermi operators coupling the vibrational states are given by
and the resulting mixing of the vibrational wavefunctions can be expressed as
where the coefficient a 2 represents the fractional mixing and DE is the difference in the observed (perturbed) band origins. The Coriolis interaction operators are given by Eq. (3). Table 1 summarizes the measurements that include 544 transitions that extend to maximum quantum numbers of J = 60 and The observed torsional splitting in each state is directly related to the mixing and the rotational transitions allow both the zero-order Fermi term, F o , and the difference in the band origins, DE, to be determined. However, since F o is highly correlated with the vibrational energies E 5 and E 99 and pure rotational transitions do not depend directly on these energies, we included the band origins reported by Perrin and Mbiaké [9] in the analysis as 'measured rotationless transitions' with values of 871.0955(3) and 893.4518(3) cm À1 for the m 5 and 2m 9 bands, respectively, where the uncertainly in parenthesis reflects the estimated systematic uncertainty. This allowed both band origins and the zero-order Fermi term to be fit for simultaneously. Excluding one of these bands centers from the analyses does not significantly change the fitted parameters since the rotational transitions provided sufficient information to determine both the F o and DE =E 99 À E 5 , even though these remain highly correlated (correlation coefficient of À0.999996). As demonstrated in Ref. [10] for H 14 NO 3 , the statistical uncertainty in these correlated parameters
